The article discusses effectiveness of treatment of groundwater with increased natural organic matter content with the use of organic polyelectrolytes. The effects of water treatments were determined by the ionic character of the polyelectrolyte and its dose. Due to the amount of removed general ferric and coloured matters a greater usefulness of anionic and non-ionic polyelectrolytes was shown, while due to decreased turbidity and TOC, cationic flocculants proved more useful. Using the Praestol 2540 semi-anionic polyelectrolyte as the substance aiding the coagulation process decreased the effectiveness of groundwater treatment, especially in terms of the removal of iron and organic substances when using the PIX-112 coagulating agent.
INTRODUCTION
Polyelectrolytes, i.e. high molecular organic polymers, have been used in water treatment since 1950. We distinguish between natural and synthetic Izabela KRUPIŃSKA polyelectrolytes. Natural polyelectrolytes are usually produced from starch, while the synthetic kind is produced as a result of polymerisation of organic monomers with unsaturated bindings [5] . Due to the type of ionogenic groups, polyelectrolytes are divided into: non-ionic, anionic and cationic. Polyelectrolyte's charge is produced as a result of dissociation of ionogenic groups of acidic or alkaline character. Molecule of a polyelectrolyte can have hundreds or even thousands of dissociating groups since their degree of polymerisation can be significant. Capacity for dissociation depends on the structure of the polyelectrolyte, pH of the solution, and the content of ionogenic groups. As a result of dissociation, anion and polycation are created in cationic polyelectrolytes water, and cation and polyanion in anionic polyelectrolytes water. Anionic and non-ionic polymers are used as flocculation enhancers, while cationic polymers are also used as independent coagulants [3, 4, 7, 14] . The purpose of using polyelectrolytes as coagulation enhancers is to reduce the dosage of basic coagulant, accelerate the flocculation process, produce flakes of good sedimentation properties, and reduce the negative impact of low temperatures on the effectiveness of pollution removal in the coagulation process [3, 4, 5, 7] . Currently, there are several thousands organic polyelectrolytes produced worldwide, among which those which obtained the hygienic approval can be used for the treatment of water intended for human consumption. There are, however, countries such as France and Japan where using synthetic polyelectrolytes in water treatment is forbidden due to the risk of chlorinated organic compounds creation arising from the reaction of chloride with polymers remaining in the water, and the creation of monomers in the treated water. The working mechanism of polyelectrolytes is not fully known and explained. It is claimed that polyelectrolytes cause destabilisation of removed colloids as a result of charge neutralisation, and by acting as a bridging agent and a cross-linker cause agglomeration of microflocs, and thus the emergence of solid flocs of good sedimentation properties [5, 7] . Literature analysis [3] [4] [5] indicates that during coagulation of hydrophobic colloids, dominates the adsorption of polyelectrolytes on their surface, while in case of hydrophilic colloids, key role is played by mechanisms of destabilisation and precipitation of removed pollution. According to Edzwald [1] , aluminium salts coagulation with the use of cationic polyelectrolytes is the most effective way to remove humus substances from water, while the polymers used can react mechanically, chemically, and cause destabilisation of removed colloids as a result of charge neutralisation. Mechanical reaction consists in confounding the coagulating particles with long chains of cationic, anionic and non-ionic polymers, which causes the accelerated creation of large floccule suspensions. Neutralisation of the colloids' charge with the use of organic polymers, similarly as in the case of coagulants, consists in decreasing the electrokinetic potential of colloids being removed [3, 4, 7, 16, 17] .
Chemical reactions are credited with the lowest impact on the course and effectiveness of the process. For the proper progress of coagulation, apart from ensuring appropriate coagulant or flocculent, it is very important to use optimal dosage thereof, ensuring maximal decrease of the absolute value of electrokinetic potential. It is claimed that dosages of polyelectrolytes should be from 0.1 to 1% of the basic coagulant dose [3] [4] [5] . With optimal amount of cationic flocculants, there are polymer groups created from the adsorbed colloidal particles capable of rapid sedimentation. With the amount lesser than optimal, not all colloidal particles will be bound, while with a larger amount occurs the decrease of the effects of pollution removal and a stable colloidal system of a positive surface charge is created in case of using cationic polyelectrolytes. It was also shown that the effectiveness of the coagulation process is affected not only by dosage of the polyelectrolyte, but also by the order of adding in to the water in relation to the basic coagulant. Most often it is added to the water with a delay from 1 to 3 minutes in relation to the basic coagulant, and also at the flocculation stage or simultaneously with the primary coagulant. In recent years, there have also been studies conducted on the usefulness of the so-called blends in water treatment, i.e. mixtures of non-organic coagulant and organic polymers [5] . In Poland, water supply system uses groundwater and surface water. Water supply in most villages and small towns is based on groundwater resources. Only some plants source groundwater with physical and chemical composition meeting the standards of water intended for human consumption [5, 20] . Components which disqualify sourced groundwater are mainly ferric, manganese, aggressive carbon dioxide, and in many cases also natural organic matter (NOM), usually including humus substances i.e. complex heterocyclic acid polymers [5, 15-19, 22, 23] . Application of processes traditionally used for purification of groundwater, i.e. aeration, flocculation, sedimentation, rapid filtration with filter bed for removing manganese, and disinfection, are not sufficient for treatment of water containing organic substances and ferric compounds. As a result of water aeration, agglomerates of ferrous hydroxide (III) with good sedimentation properties are not produced because the natural organic matter present in the water creates water-soluble coloured bonds of a colloidal character with ions and ferric compounds [2, 21] . Due to the fact that in the studies previously conducted by the author [6] [7] [8] [9] [10] [11] [12] [13] ferric compounds (III) created as a result of aeration agglomerated with difficulty due to the presence of organic substances, this study attempted to intensify flocculation by using polyelectrolytes.
MATERIALS AND METHODS
The purpose of the study was to determine the effectiveness of polyelectrolytes as independent coagulants and as enhancers in the process of coagulation with aluminium (VI) sulphate or ferric (III) sulphate (VI) in treatment of groundwater. of increased organic substances content, considering also the removal of iron compounds. The subject of the study was the groundwater from quaternary aquifer characterised by variable level of organic substances (TOC 5.00  6.50 mgC/dm ). For that reason, in order to intensify the agglomeration of ferric compounds, after the aeration the following 1% aqueous solutions of polyelectrolytes were dosed into the water: cationic anionic, nonionic, and their doses (Dp) were altered within the range of 0.1 to 0.5 mg/dm 3 . After the intense mixing of water with polyelectrolytes, 25 minutes of flocculation was applied with mixing intensity of 30 rotations/minute. Afterwards, water samples were subjected to sedimentation for 2h and filtration through a soft filter. Table 1 shows the characteristic of polyelectrolytes tested, among which only Praestol-2540 and Praestol-2515 hold the certificate from the National Institute of Hygiene. The following were used as coagulants: aluminium sulphate (VI) -SAL and iron sulphate (VI) under the trade name of PIX-112, dosed in standard water solutions. Dose of coagulants (Dc) was expressed in mgAl/dm 3 or mgFe/dm 3 and dosed in the amount of 1.78 mgAl(Fe)/dm 3 . Dose of coagulants was determined on the basis of previously conducted research [6] [7] [8] [9] [10] [11] [12] [13] . Apart from primary coagulants, also the solution of semi-anionic polyelectrolyte (Praestol 2540) of 1000 mg/dm 3 concentration was dosed in the amount of Dp = 0.15 or 0.25 mg/dm 3 , in advance or with delay in relation to the time of coagulant dosing. Coagulation was conducted in water samples of 1 dm 3 capacity, using 1 minute of rapid mixing with intensity of 250 rotations/min and 25 minutes of slow mixing with the intensity of 30 rotations/min. After the coagulation, samples were subjected to 2h of sedimentation, some experimental series were additionally
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subjected to filtration through a soft filter. Physical and chemical composition of raw and treated water was determined in accordance with the existing PN. In the article, the measure of effectiveness for water treatment (η) was assumed to be the ratio of decrease of the values of studied water quality indicators to the reduction required for achieving values allowable in water indented for human consumption, expressed in percentage [20] . The decrease of indicator's value (X) was assumed to be the treatment effect resultant from aeration, polyelectrolyte coagulation and sedimentation of post-coagulation suspensions, as well as as a results of aeration, coagulation (SAL or PIX-112) enhanced with the Praestol-2540 polyelectrolyte and sedimentation of post-coagulation suspensions.
RESULTS AND DISCUSSION
3.1. Impact of a type of polyelectrolyte on the effectiveness of groundwater treatment Results of the experiment on the effect of a type of polyelectrolyte (Dp=0.5 mg/dm 3 ) on the effectiveness of groundwater treatment in the process of aeration and 2h of sedimentation is presented in table 2. It has been shown that all organic polymers (characteristic of which is presented in table 1) regardless of their ionic character, by causing agglomeration improve sedimentation qualities of solid particles present in the water after aeration. Considering the amount of pollution removed (Tab. 2), in terms of reduction of total iron concentration the anionic polyelectrolytes and non-ionic polymer proved more useful, while in terms of reduction of turbidity and TOC cationic polyelectrolytes were more effective. In case of removing organic substances, strongly cationic polyelectrolyte was the most effective. Water samples treated with anionic and non-ionic polyelectrolytes after 2h of sedimentation showed more than a twofold increase of turbidity and colour compared to raw water. Additional filtration of water samples through a soft filter paper increased the degree of elimination of iron compounds and reduction of turbidity (Fig. 1) . The contribution of filtration to the reduction of total iron concentration was comparable for all polyelectrolytes tested, while in terms of turbidity reduction it was greater in case of sample with added anionic and non-ionic polyelectrolytes (Fig. 1) . Despite the fact that filtration of water samples through soft filter paper increased the effectiveness of removing iron and reduction of turbidity, the required values of these indicators for water intended for human consumption were not achieved. The lowest concentration of iron was 0.25 mgFe/dm 3 (moderately cationic polyelectrolyte 650 BC), and the lowest turbidity was 2.28 NTU (weakly cationic polyelectrolyte 611 BC).
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Fig. 1. Reduction of turbidity and concentration of total iron in the filtration process
Sufficient reduction of colour was ensured by all of the tested cationic polyelectrolytes. Anionic and non-ionic polyelectrolytes despite enhancing the effects of colour reduction after aeration, have not ensured a sufficient reduction of its intensity. Taking into account the fact of the increase of iron concentration and colour and turbidity of water after 2h of sedimentation and additional filtration through filter paper (compared to raw water), the agglomerating effect of anionic and non-ionic polyelectrolytes was unsatisfactory.
3.2.
The effect of the Praestol 2540 moderately anionic polyelectrolyte dose on the effectiveness of groundwater treatment Due to the fact that among the selected polyelectrolytes with the attestation of Polish Institute of Hygiene, the moderately anionic polyelectrolyte Praestol 2540 ensured better effects of removing pollution than the weakly anionic Praestol 2515, the impact of the dose of Praestol 2540 on the water treatment effects was determined (Fig. 2) . The effectiveness of reducing turbidity and colour, and removing iron compounds increased along with the increase of the dose of polyelectrolyte from 0.1 to 0.4 mg/dm 3 . At the same time, in the range of doses from 0.1 to 0.3 mg/dm 3 , the increase of effects of removing iron was very little and reached only around 1.60 %. Increasing the dose to 0.5 mg/dm 3 caused reduction of the degree of removal of iron, turbidity and colour, while the small decrease of effectiveness in removing organic compounds was determined already for the dose of 0.4 mg/dm 3 (Fig. 2) . , and in case of turbidity and colour, despite their decreasing in comparison to a sample without polyelectrolyte, an increase of their value in relation to raw water was determined.
3.3. The effect of polyelectrolyte dosing on the effectiveness of the coagulation process The analysis of test results presented in table 3 showed that enhancing the coagulation process with moderately anionic polyelectrolyte (Praestol 2540) dosed in advance in relation to the primary coagulant (SAL or PIX-112), has decreased the effectiveness of removing organic substances, particularly significantly in case of using the ferric coagulant PIX-112. Together with the increase of the dose of polyelectrolyte enhancing the coagulation process with the PIX-112 coagulant, the effectiveness of removing TOC decreased, as well as the effectiveness of removing iron compounds and actual colour.This suggest that the polyelectrolyte has probably partially remained in the water creating coloured and difficult to sediment bonds with iron ions introduced into the water together with the iron coagulant. In case of coagulation with aluminium sulphate -SAL, the polyelectrolyte has again not increased the effectiveness of organic pollution removal, however, using this flocculent in the dose of 0.25 mg/dm 3 has improved the effects of removing iron and coloured pollution from the water. Despite the above mentioned effects, enhancing coagulation with polyelectrolyte and additional filtration of water samples through filter paper has not ensured a degree of removal of iron compounds and reduction of turbidity sufficient for water intended for human consumption. Figure 3 shows the results of tests concerning the effect of dosing the moderately anionic polyelectrolyte (Praestol 2540) during flocculation on the effectiveness of groundwater treatment. Moderately anionic polyelectrolyte in the amount of (Dp) 0.15 mg/dm 3 was dosed with delay in relation to the iron coagulant PIX-112 (Dc=1.78 mgFe/dm 3 ) with total time (to) from 2 to 7 min. The analysis of results showed that polyelectrolyte has not improved agglomeration and sedimentation qualities of the pollution being removed, but conversely, has decreased the effects of coagulation with iron sulphate and sedimentation of post-coagulation suspensions. This could have been caused by the insufficient mixing of the polyelectrolyte with the water being treated. One cannot dismiss its stabilising effect on iron compounds (mainly Fe(III)), which was shown by the increase of 15 iron concentration (III) in relation to iron concentration determined in the treated water without polyelectrolyte. A significant, yet insufficient improvement of the degree of reduction of turbidity, concentration of total iron and Fe(III) was ensured by additional filtration of water samples, effectiveness of which is shown in table 4. 
CONCLUSIONS
The analysis of test results showed that:
1. Tested organic polymers were insufficient in improving the effects of agglomeration of removed pollution, and their effect of sedimentation qualities of suspensions depended on dose and ionic character of organic polymers. 2. Due to the amount of removed total iron and coloured pollution anionic and non-ionic polyelectrolytes proved more useful, while in terms of reduction of turbidity cationic polyelectrolytes were more useful. Tested polyelectrolytes were least effective in improving the effectiveness of removing organic substances and total iron. In case of removing organic substances, strongly cationic polyelectrolyte was the most effective. 3. Using too large of a dose of moderately anionic polyelectrolytes Praestol 2540 (Dp= 0.5 mg/dm 3 ) decreased the effectiveness of water treatment because the surplus of organic polymer stabilised iron (III) compounds present in the water, creating with them coloured iron-organic bonds. 4. Using moderately anionic polyelectrolyte Praestol 2540 as a coagulation enhancer decreased the effectiveness of groundwater treatment, especially in case of using the iron coagulant PIX-112, which confirms its stabilising effect towards the ions of iron present not only in the water being treated, but also introduced to it with the coagulant.
